ILC Dover, under contract by NASA Langley Research Center, and in cooperation with NASA Johnson Space Center is designing and manufacturing an expandable lunar habitat. This cylindrical habitat, or Engineering Development Unit (EDU), is a hybrid system with two hard end caps and a deployable softgoods section in the center. The softgood section packs into the endcaps and the unit roughly doubles in length upon deployment. The EDU is designed to demonstrate packing and deployment of an expandable habitat under expected loading conditions. Using a unique fabric lobe system, the structure is intended to be lighter in weight with a higher volume than a similar metal configuration. The restraint layer uses a webbing net construction with a coated fabric to carry the pressure loads up to 9 psi. Finite Element Analysis of the fabric lobe and webbing structure was performed to ensure that the structure will meet the desired safety limits. Analysis was also used to establish manufacturing tolerances during the fabrication process. Testing of the webbing seams and lobe under pressure further validated the design decisions. The next step in the evolution of the EDU is system testing, interior outfitting, and field operations. Nomenclature σ = stress r = radius ρ = pressure h = hoop direction
I. Introduction
LC Dover (ILC), under contract by NASA Langley Research Center (LaRC), and in cooperation with NASA Johnson Space Center (JSC), has been working to advance the technology of expandable habitats through the design and construction of an expandable habitat test bed. The concept of an expandable or inflatable habitat has been discussed for years, and has found its way into numerous popular science fiction works. ILC, in conjunction with NASA, hopes to make this a reality by using expandable, softgoods technology. Softgoods are flexible, lightweight materials that can be stowed in smaller volume than they occupy upon operation. ILC has applied softgoods in space flight for extra-vehicular space suits and impact attenuation bags to land rovers on Mars 1 . The idea of an expandable habitat gained momentum during the design and development of the ISS Transhab, which was deployed in vacuum at JSC in 1998 2, 3 . ILC Dover worked to advance the technology of inflatable structures during the development of an intelligent material demonstration unit in 2006 4 . ILC also collaborated with NASA and NSF to deploy a double wall, inflatable structure in the extreme environment of Antarctica in 2007 5 . The I American Institute of Aeronautics and Astronautics 09/24/07 current expandable lunar module, Figure 1 , will be built using past experiences to design and fabricate a unit that will withstand the full structural loading expected in a flight system with the desired safety factors of four. The expandable structure is deliberately designed for the versatility needed to allow for future outfitting and multiple deployment scenario testing. The previous conference paper gave an overview of the habitat design and testing plan; whereas, this paper will detail the innovative structural design and the corresponding analysis and component testing for a flexible section of the lunar habitat test bed.
Figure 1. Overview of the Expandable Lunar Habitat

II. Expandable Habitat Design
The construction techniques and detailed design of an expandable structure will be required to take several items into consideration. The material must be amenable and retain strength after folding. The material should also be lightweight and able to stow into a significantly smaller volume. Another design factor for an expandable wall is the environmental conditions on the lunar surface. All of these circumstances are considered in the trade study conducted to determine the optimal structural design for a three meter diameter cylindrical habitat. In a flight system, the most important metric, other than functionality, is mass. An expandable softgoods structure offers a lower mass solution with increased volume than using metal or other composite materials.
The construction method of an expandable wall is closely related to the size of the habitat. The diameter for the Expandable Lunar Module is three meters based on the Lunar Architecture Team (LAT) phase II report. With increasing diameter, the skin stress of the material is increased. Equation 1 is the formula representing the skin stress of the fabric in relation to the pressure and radius. To maintain a lightweight structure, webbing can be added to handle the escalating pressure loads. Several options were placed in a trade study, and a webbing net with a lightweight base fabric offers the optimal design solution for the baseline habitat size.
Skin stress:
A coated fabric retains the gas and transfers the loading in between the webbings to the primary restraint system. The fabric is oversized to ensure that the webbing net takes all the loading. As the primary restraint system for a test unit, the webbing net needs to maintain a safety factor of four. With an operational pressure of 9.0 psi, the fabric is expected to take about 100 lbs force in the lobe of the fabric between webbings. Several calculations and considerations are needed when determining the spacing, seen in Figure 2 , and number of webbings needed to share the full loading condition. By having the bulge on the edges of the webbing, a potential knockdown in webbing strength can occur due to curling. Also, the stitching of webbings to interface hardware results in a decrease in overall strength. The over-sizing of the fabric must also be maintained throughout the system. These factors result in a webbing net that is spaced 6.33 inches by 12.26 inches.
To ensure that the webbing net deploys in the correct position, indexing stitches are used at the crossovers. A lightweight Vectran cord prevents the webbing from rotating out of position and maintains appropriate spacing. The webbing net is also indexed to the base fabric using hook and loop tabs. These two methods of indexing allow the softgoods to be packed in several configurations and still deploy to the desired cylindrical shape.
During a packed state the expandable wall is folded inward to minimize stress on the fabric. Each layer is folded over another layer in a 'Z' fold technique. Figure 3 is a section of the folded softgoods.
Figure 3. Packed expandable wall section
A window is included in the design, to demonstrate possible window integration into an expandable wall. The window design attempts to minimize mass by tying into the base fabric and bypassing the webbings. This allows the primary loading system to remain uninterrupted and prevents large axial and hoop loads from being tied into the window.
III. Finite Elements Analysis
Finite Element Analysis (FEA) was used to determine the validity of the fabric lobe system, established safety factors and determine manufacturing tolerances.
A. Unit Cell Analysis
A series of component-level finite element simulations were conducted to better understand the in-use performance of the habitat's design 6 . The first of these was a study of the mechanical response of the bladder-restraint layer under an operational load of 9.0 psi. Using a component level approach, a single fabric lobe, or unit cell bounded by webbing was studied. Some of the fabric's relevant data are: A simple planar approach was used for the analysis, as the large radius of the cylindrical portion of the habitat causes the out-of-plane curvature of the unit cell to be negligible. The geometry consisted of a simple rectangle with the sides measuring from webbing center to opposite webbing center as shown in Figure 4 . Using the webbing midpoints rather than the webbing edges builds some degree of conservatism into the analysis, as a larger unit cell would present more fabric stress. This modeling philosophy allows us to exclude the webbing from the simulation and still acquire viable data concerning fabric loading. The step-wise sequence for the loads and boundary conditions in the model was quite straightforward. Nodes at all exterior edges of the unit cell's geometry were "encastred", or had all translational and rotational degrees of freedom removed. A pressure load of 9.0 psi was applied to one surface of the planar geometry and the material was subsequently oversized from the original shape by 1%. Oversizing was done analytically by assigning an appropriate thermal expansion coefficient to the material model along with an increase in a surrounding temperature field.
The material to be used in the analysis was first tested for its mechanical performance via uniaxial tensile tests in both the warp and fill directions. Data from these test show that the stress-strain response of the Vectran® material is both nonlinear and orthotropic. The fill direction has significantly lower modulus at low strain values compared to the warp direction as seen in Figure 5 .
American Institute of Aeronautics and Astronautics 09/24/07 The corresponding plots of principal stress vectors indicate the fill direction tends to drive the general pressureinduced radius of curvature in the unit cell, and contributes most to the fabric's elastic behavior under loading. The fill direction corresponds to a much lower modulus for low strain values, and is aligned with the short direction of the unit cell, running parallel with the 8.33" dimension. This behavior can be seen in Figure 6 . 
B. Unit Cell Results
The final shape and stress contours for the isotropic, fill direction simulation are shown below. For the isotropic fill direction behavior, stresses near the center correspond to 74 lbs/in and stresses near the longer side equate to 84 lbs/in. Since the ultimate tensile strength of the material in the warp and fill directions are 551 lbs/in and 520 lbs/in, respectively, the targeted safety factor of four is exceeded.
C. Webbing Analysis
In addition to low stress in the bladder-restraint, another critical element to the structural stability of the habitat is the uniform loading of the ring. The uniform loading stems from the axial webbings being cut and sewn to a specific length tolerance. To identify this tolerance, a finite element study was carried out on component-level, simplified geometry of the habitat. All 26 axial webbings were included in the simulation; with one end of the webbings contacting a rigid, circular plate and the other end held fixed, as shown in Figure 8 . A plug load of 9.0 psi was applied to the surface of the circular plate, simulating the axial effects of the habitat's nominal inflation pressure. Boundary conditions were applied which restricted the plate to only move in the axial direction. Results of interest include the elongation of the webbing, as well as the corresponding maximum in-plane stress A useful aspect of this model is the ability to adjust the length of the axial webbings to simulate manufacturing uncertainties. The worst scenario of inadvertent webbing shortening from a stress standpoint is the case where only one of the 26 axial webbings is foreshortened. Figure 10 shows a stress contour plot for the scenario where one axial webbing is ¼" or 0.125% shorter than the others, again done analytically via thermal contraction.
American In this case, the Mises stress in the shortened webbing corresponds to a force of 4815 lbs, and with the remainder of the webbings experiencing a force of 3648 lbs. The advertised breaking strength of the axial webbing is 24,000 lbs, so the required safety factor of four is exceeded in this case.
IV. Testing
Component level testing of the fabric unit cell and webbing creep properties were evaluated to verify the design. To observe the fabric 'lobe', a metallic unit cell, corresponding to the center of the webbings, is used to clamp down a section of base cloth. Subsequently, high speed cameras observe the fabric as a pressure is applied to the backside. Using this method, qualitative observations of the fabric lobe height and shape correspond to the analysis. The test verified that the fabric lobe would behave in a manner which would allow offloading to the webbing net. Additional funding could be used to quantitatively verify the testing and analysis by using a strain mapping field.
ILC and LaRC developed a test regimen to characterize the effect of sustained loading of the Vectran webbings used in the construction of the restraint layer of the habitat. The ultimate objective of the test is to make predictions on the time to failure based on the stress conditions that the webbings will be subjected to. This analysis is very critical to ensuring the continued performance of the restraint layer throughout the intended life cycle of the lunar habitat. The testing and characterization of creep performance of woven Vectran webbing is unprecedented. The test methodology for the Creep test of Vectran webbing was developed based on creep testing of high performance material for Inflatable structures and the creep characterization of Geotextiles. Since manifesting a creep failure in a specimen under normal loading conditions is unrealistic due to the long time frame involved, the process of creep failure is predicted by employing the Time Temperature Superposition (TTS) principle. The creep failure of Vectran webbing, according to the test method will be achieved in a relatively short period of time (approximately one day) by subjecting the Vectran webbing specimen to conditions of periodic increments of temperature under constant loads.
The Vectran webbings used in this application have a high Ultimate Tensile Strength (UTS), thus required a high load capacity Instron machine and an environmental chamber big enough to accommodate the Instron machine. In addition the environmental chamber should have the capability of achieving the temperature increments in a reasonable period of time so as keep the testing time to under a day. The sample set for creep testing included testing of four categories of webbings samples namely pristine, folded, sewn seam and thermally aged samples. The folded samples simulate the webbing sections that would be folded due to packing of the habitat. The summary of the specimens for creep testing is given in Table 1 
Figure 11. The environmental chamber for testing the 12 k Vectran webbing
The testing is currently being conducted at the facility at LaRC. The theory behind the testing, the testing methodology and the analysis of the data obtained from the testing will be compiled for published in the future.These two tests will be used to further understand the structure of the EDU and assist with future design iterations.
V. Conclusion
The path forward is to complete manufacturing deployment trials, packing evaluations, and system leakage. After checkout, the unit will be taken to LaRC for full pressure evaluation. As a test bed, the structure is designed for reconfiguration and future modification to demonstrate testing of ideas that are currently only conceptual. The current EDU design is equipped to allow integration of a deployable floor, wall, and outer protective layer in the future with minimal impact on the current system. Innovative programs that seek to challenge the future of manned spaceflight are critical for establishing an outpost on the moon. The EDU represents one of these innovative programs that is continuing to test technologies for the future lunar program.
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